In this work, effects of varying mechanical deformations on the relationship between mesotexture and current percolation in (Bi, Pb) 2 Sr 2 Ca 2 Cu 3 O 10+x (Bi2223) tapes are investigated. Electron backscattered diffraction analysis demonstrates that the mesotexture distribution characteristics influence critical current density (J c ) as results of the processing variations. The disorientation angle distribution dependence of J c is also discussed using current percolation theory. The results show that improving the mesotexture distribution in central region of Bi2223 tapes through optimization of the mechanical deformation processing can significantly increase J c .
Introduction
It is known that weaklinks in superconductors lower the critical current density (J c ) of high temperature superconductors [1, 3] . High misorientation angle of grain boundaries, being one of the main factors to the weaklink behaviour, implies that mesotexture has a significant effect on currentcarrying capabilities of (Bi, Pb) 2 Sr 2 Ca 2 Cu 3 O 10+x (Bi2223) superconductor tapes [4, 5] . It has been demonstrated that substantial increase in J c could be obtained through improvement of microstructural texture, in which the misorientation angles between the contiguous grains are reduced [1] . Powder-in-tube (PIT) technique is widely used to produce the textured Bi2223 microstructure and to increase the densification of the core, thus improving the J c [6] [7] [8] [9] [10] .
The highly textured tapes have high fraction of low-angle grain boundaries along the transport current path. It has been reported that J c in PIT tapes is the highest at the edges and the lowest at the centre of the tapes. Local crystallographic orientation distribution of high-temperature superconducting oxides could be responsible for this parabolic J c distribution [11] [12] [13] . Improving the texture at central region of Bi2223 tapes will be significant in enhancing J c . Texture development in PIT Bi2223 superconductor is largely attributed to mechanical deformation and subsequent thermal treatment. However, the role of mechanical deformation and thus its influence on texture distribution is not clearly understood. Although the qualitative mechanical deformation effects on the texture of Bi2223 tapes have been reported, understanding the quantitative mechanical deformation effects on both micro-and mesotexture distribution characteristics of Bi2223 tapes is eagerly awaited. In this work, the mesotexture distribution dependence of mechanical deformation is studied using electron backscattered diffraction (EBSD) technique and optimized PIT processing parameters are suggested based on the experimental results combined with the theoretical analysis.
Experimental procedure
Silver sheathed Bi2223 superconducting tapes, prepared by PIT method had a nominal cation ratio of Bi:Pb:Sr:Ca:Cu = 1.84:0.34:1.91:2.04:3.06. The powders, containing mainly (Bi, Pb) 2 Sr 2 CaCu 2 O x , Ca 2 PbO 4 and (Bi, Pb) 2 Sr 2 CuO y phases, were packed into a pure silver tube of φ8 mm diameter. This was drawn to φ1 mm wires in multiple steps before controlledrolled under different deformation profiles to achieve constant rolling strain. In order to minimize the effect of densification on J c , which varies over cross-sectional areas and depends on the final deformation strain [1] , the final thickness of the tapes was approximately controlled at ∼150 µm. The deformed tapes were subsequently sintered at 845
• C for about 60-100 h in air. The silver sheaths were etched-off using a solution containing 50%NH 4 + 50%H 2 O 2 at room temperature. The samples obtained from these tapes were polished for EBSD analysis.
The tapes were deformed under several different conditions aiming the deformation of the materials under constant strain condition. By measuring the thickness of Bi2223 wires prior to rolling, the amount of thickness reduction required to achieve a certain level of strain was calculated. If the initial thickness of the wire/tape is t 0 and a 20% strain (e = 0.2) is applied, (1) the thickness after first and second deformation, t 1 and t 2 , and (2) the amount of respective deformations, 1 t and 2 t can be given by
The general formula for thickness reduction at strain x would then be
where n is the number of deformation steps which is required to achieve final thickness t n with the strain x and it can be expressed as
In this work, the samples were deformed under strain of 0.1, 0.2 and 0.4, receiving the labels 01P, 02P and 04P, respectively. Since massive tool steel rollers were used for the deformation processes, it could be assumed that there is no roller distortion as well as negligible separation force.
Results and discussion
For each processing condition, ten randomly selected samples were analysed using EBSD technique to obtain crystallographic orientation maps (COMs [15] . With the measured individual orientation from the adjacent grains, the misorientation (mesotexture) distribution in the measured area can be characterized and mapped ( figure 1(b) ). The collected information for the maps can also be further quantified as the number of the grain boundaries versus the degree of the grain boundary misorientation as shown in figure 1(c). In order to evaluate the effect of bulk texture on J c of the tapes, statistical analysis was performed on the mesotexture information obtained from COMs. The sampling size in all samples analysed is large enough to be representative of the bulk tapes.
To have a better understanding of the mesotexture distribution effect on J c of the Bi2223 tapes, it is essential to analyse the disorientation angle distribution.
The disorientation angle is defined as the minimum misorientation angle as obtained from the angle-axis pair [16] . A brief procedure to obtain the disorientation angle is as following: (1) a misorientation matrix is generated from the orientation matrices of two adjacent grains sharing a common boundary; (2) from this misorientation matrix, seven other equivalent misorientation matrices are generated; (3) from these eight misorientation matrices, an angle-axis pair is computed from each of the equivalent matrix; (4) out of the eight, the misorientation matrix giving the lowest misorientation angle is the representative misorientation of the two adjacent grains. This lowest misorientation angle is also called the disorientation angle.
The in-plane disorientation angle distributions for all samples were studied and presented in figures 2-6. Figure 2(a) illustrates the disorientation angle distribution obtained from the central regions of the samples. A sharper distribution for the sample 02P can be observed. The peak distribution in the sample 02P is at ∼8
• while samples 01P and 04P exhibit the presence of two peaks in the distribution of the disorientation angles, having bi-modal distributions. The difference in the texture of the samples can be seen from the cumulative distribution curves in figure 2(b), which clearly indicated higher fraction of low-angle boundaries in the sample 02P. Though distribution in both samples 01P and 04P is comparable to each other, they are inferior to that of sample 02P. This disorientation distribution result would suggest that sample 02P should have the highest J c of the three samples. the lower angle regions. However, sample 04P shows higher fraction of grain boundaries in the intermediate angle range (10 • -30 • ) than the samples 01P and 02P tapes. The sample 02P has a sharper peak at about 6
• while the sample 01P has a sharper peak at about 8
• . The distribution of disorientation angles in the sample 04P is much wider than that of others and peaks at 12
• . It can also be seen that both samples 01P and 02P have significantly higher fractions of higher disorientation boundaries. Figure 4 shows the difference in the disorientation angle distribution between the centre and the side regions for the sample 02P while those for the samples 01P and 04P are given in figures 5 and 6. The graphs exhibit that the texture in the centre of the sample 02P, having more lowangle boundaries, is significantly better than that at the sides in terms of the number of the low-angle boundaries. However, the difference is not pronounced for samples 01P and 04P. Cumulative distribution curves for samples 01P and 04P show similarity regardless of either the sample centre or sides, indicating lack of significant differences between the textures of both regions in these two samples. This implies that the mechanical deformation processes with 10% and 40% strains did not produce significant difference in the texture distributions between the central and side regions. From the standpoint of mesotexture distribution, the sample having uni-modal distribution and highest population of low disorientation angle boundaries in the central region should exhibit the highest J c . This has been evidenced in figure 7 , which shows the normalized J c of all the samples measured at 77 K in the absence of applied magnetic field. Since the sample 02P has the best distribution profile of disorientation angle, it possesses the highest J c while the J c of the samples 01P and 04P are about 5% and 20% lower, respectively. This indicated that J c can be optimized by varying the mechanical deformations.
From the mesotexture analysis, the difference of the texture distributions plays an important role in determining the difference of J c between the samples. However, although samples 01P and 04P have similar texture, the J c s differ by about 10%, indicating that other factors may also influence J c in the samples. In this case, other macroscopic current limiting mechanisms [17] , such as the presence of microscopic cracks, may dominate the J c in the samples. It is believed that the higher strain induced in the sample 04P resulted in numerous cracks or other bulk defects which cannot be remedied with sintering. This could have decreased the effective crosssectional area of the tape for current conduction. Although the macroscopic cross-sectional area remains unchanged, the effective area could have been decimated. This could have accounted for the 10% difference in J c of the samples 01P and 02P.
It is understood that the J c of superconductor tapes is affected by the weaklinks in the current path. Although direct experimental measurement to show the distribution of disorientation angle along the current path is difficult, statistical analysis can be applied to the bulk analysis of J c . The statistical distribution of the disorientation angles influences J c of the tapes as it would be reasonable to assume that these grain boundaries are uniformly distributed throughout the entire tape. From current percolation considerations, a sharper distribution of the lower disorientation angle should imply higher fraction of lower angle boundaries. This would in turn imply lesser obstacles in the current path and therefore higher current could flow before the tape reaches percolation threshold. At the percolation threshold, the current path is just disrupted as significant amounts of grain boundaries are rendered non-superconducting. This would enable a higher J c to be attained at the percolation threshold. The presence of bi-modal distribution is therefore undesirable as it has a large amount of grain boundaries with higher disorientation angles. This would cause the percolation threshold to be exceeded at lower values of current.
If a hypothetical situation is assumed where the grains form clusters of low-angle boundaries, the statistical distribution analysis will still apply. This is because the individual clusters of low-angle boundaries would have to be separated by higher angle boundaries. It would imply that the bulk J c of the samples would still be dictated by the properties of those higher angle boundaries separating the low-angle clusters. Only when these low-angle clusters form a continuous network will it be inoculated from the properties of the higher-angle boundaries. However, the percolation theory predicts a high fraction of low-angle boundaries when such situation occurs [18] . This implies that the use of statistical distribution when analysing the mesotexture effect on bulk J c is applicable. Although the densification also plays an important role in improving the J c of Bi2223 tapes, it has been found that self-field effect confines a large proportion of the supercurrent within 10% from the surface. In this work, similar densification of the tapes was achieved by controlling the final thickness of the tapes. Hence the densification effects on J c can be minimized. Figure 8 shows the cross-sectional profile of the sample 02P at various stages of deformations. From the images, the flow of the core material during the deformations could be deduced. In general, the sides of the tape do not appear to undergo appreciable deformation beyond a certain level of strain. Beyond this strain level, the sides tapered while the centres continued to undergo deformation both in through-thickness and lateral directions. The forces acting at different regions of the tapes are illustrated schematically in figure 9 . At the central region, the material flow during the deformation is predominantly in longitudinal direction with little lateral spreading. Towards the sides of the tapes, the extent of lateral spreading increases. As a result, the material flows in two directions, lateral and longitudinal. This causes uneven elongation in the side and central regions of the tapes. As the tape continues to lengthen with increasing deformation, lack of material flowing in the side regions would probably result in the formation of the cracks running from the edges to the centre of the tapes, perpendicular to the tape length. This can be visualized from the flow of the materials during the deformation [9] . The limited ductility of ceramic materials would aggravate the crack formation. These microscopic cracks are unlikely to be 'healed' with sintering. This effectively reduces the cross-sectional area available for current flow [14] . These results support the fact that the sides of the tapes do not play a crucial role in the overall current-carrying capabilities of the tapes. It shows that the J c at the central region of the tapes is representative of J c in Bi2223 tapes despite higher J c at the side regions [14] . Therefore, improving the mesotexture in the central regions of the tapes can significantly enhance the J c of Bi2223 tapes and this has been demonstrated in this work by optimizing the mechanical deformation processing.
Conclusion
The effects of varying mechanical deformations on the relationship between mesotexture and current percolation in (Bi, Pb) 2 Sr 2 Ca 2 Cu 3 O 10+x (Bi2223) tapes were investigated. It was demonstrated that J c of Bi2223 tapes can be enhanced as much as 20% by improving the mesotexture through optimization of the mechanical deformation processes. EBSD technique study on the mesotexture characteristics revealed that the sample with 20% strain deformation had significantly better texture at the central region of the tape compared to the others, thus giving highest J c . Statistical analysis of disorientation angle distribution suggests that higher fraction of lower angle boundaries gives higher J c . However, the texture at the central region of the tape affects J c more significantly than that at the sides. The processing conditions used in this work produced notable differences in the texture of the centre of the tapes, while the texture at the sides remains somewhat unchanged. The dependency of J c on the disorientation angle distributions was also discussed from the standpoint of current percolations.
